Introduction
Air pollution, fuel shortage and global warming have driven the development PHEVs [1] [2] . EMS is an measure to improve the fuel considering the electricity price fluctuations in the EMS.
Therefore, the effect of electricity price fluctuation is put forward in the EMS.Charge depletion-charge sustenance (CD-CS) strategy and blended charge depletion (BCD) strategy are widely used in rule-based control strategy for PHEVs [3] [4] . CD-CS strategy splits the whole journey into charge depletion (CD) stage and charge sustenance (CS) stage. The engine and battery are operated in the entire trip simultaneously and the required power distributes with a reasonable proportion in the BCD strategy. Rule-based strategies are not only easy to implement, but also can be controlled online. In order to make the rule strategy more reasonable, an optimization control strategy is used to optimize critical thresholds. Some other EMSs are investigated based on optimization methods [5] [6] , such as the dynamic programming (DP) and particle swarm optimization (PSO) [7] [8] . The combination of optimal control strategy and rule-based strategy is of great significance to improve fuel utilization.
System Model
The PHEV configuration used in this study is shown in 
Mode1: Pure electric mode
In this mode, PHEV preferentially consumes electric energy and all the power is supplied by batteries.
Mode2: Series-parallel mode
In this mode, both the engine and battery are used simultaneously. The motor M1 adjusts the speed so that the engine can be operated on the optimal curve.
Mode3: Series mode
There is no direct mechanical connection between the wheel and the engine. Besides, the engine operates on the optimal curve, the vehicle is driven by motor M2, and all the energy is supplied by the engine.
Mod4: regenerative brake mode
When the vehicle brakes or decelerates, the braking energy is recovered by the motorM2.
Energy management strategy based on SA-PSO algorithm
As described above, a novel EMS based-on CD-CS and blend strategy utilizing SA-PSO algorithm is proposed to reach optimal fuel economy.
The rule-based energy management strategy
The novel EMS divides the whole working range into three stages: (1) CD-Electric-Heavy stage (CD-E), (2) CD-Blend-Heavy stage (CD-B), (3) Charge Sustaining stage (CS). According to the required torque, power and SoC, the rule-based strategy divides different working modes into the above three stages. The rule-based EMS is given in Table 1 . 
Preq≤0 mode4
There are two key thresholds X1 and X2 that need to be optimized in the rule-based EMS. In order to prolong the mileage, the PHEV is inclined to the blend driving state in which the engine begins to participate in CD-B stage. To further determine the state of the modes and achieve better fuel economy, the SA-PSO algorithm is used to optimize the variables X1 and X2 in CD-Blend-Heavy stage.
Simulated annealing particle swarm optimization
The simulated annealing particle swarm optimization algorithm (SA-PSO) is combined with the rule-based EMS to optimize the key thresholds X1 and X2. SA-PSO is a global optimization algorithm, which comprises the advantages of particle swarm optimization (PSO) and simulated annealing (SA) algorithm. In the SAPSO algorithm, the particle group can be represented by a matrix Q(S×D).
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The updating process of the particle velocity and position is described as follows: 
In order to improve the global search ability, some particles are randomly generated in the evolutionary process, avoiding particles trapping into local optimum.
This method is called Metropolis sampling criterion, which is expressed by the following equation:
Where p is the probability that the system energy state change from E1 to E2. If E2 ＜ E1, the system receives E2 states, otherwise the system abandons E2 states with a random probability.
Impact of the electricity price on EMS

Statistics of electricity price fluctuations
In this section, the electricity price of partial metropolises is counted, such as Beijing, Shanghai, Chongqing, Zhejiang etc. The data of electricity prices are shown in Figure 3 . 
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The simulation result of traditional Strategy and considering Price fluctuation Strategy Compared with the traditional EMS, the proposed one can reduce the energy consumption from 1.9% to 21.29%, which is shown in Table 2 .
Conclusion
In this paper, an EMS based on SA-PSO is proposed 
